Resveratrol shows potent anti-tumor therapeutic properties in various tumors. However, the exact effect of resveratrol on osteosarcoma cells, especially cancer stem cells, remains unclear. In this study, we examined the effect of resveratrol on osteosarcoma stem cells and explored the underlying molecular mechanisms. Resveratrol inhibited cell viability, selfrenewal ability and tumorigenesis of osteosarcoma cells, whereas showed no significant inhibition effects to normal osteoblast cells. Mechanically, resveratrol treatment decreased cytokines synthesis and inhibited JAK2/STAT3 signaling, which was consistent with the decline of cancer stem cells marker, CD133. Exogenous STAT3 activation attenuated the cancer stem cell elimination effects of resveratrol treatment. Our results demonstrated that resveratrol inhibited osteosarcoma cell proliferation and tumorigenesis ability, which was correlated with cytokines inhibition related JAK2/STAT3 signaling blockage. Resveratrol may be a promising therapeutic agent for osteosarcoma management.
Introduction
Osteosarcoma is the most common type of bone cancer and the second leading cause of cancer-related deaths in children and adolescents, which shows an incidence of 3.4 cases per million people every year worldwide. [1] . Combination of surgery and adjacent chemotherapy is still the conventional therapeutic regimens for osteosarcoma patients [2] . Methotrexate, cisplatin, doxorubicin and ifosfamide are front line choices for chemotherapy, as well as etoposide for the patients with metastatic disease [2] . Despite of the significant improvements in diagnosis and therapy over the last decades, about 60-70% osteosarcoma patients exhibit no benefit from these treatment [3] . The 5-year survival in patients with localized osteosarcoma is remained at 50% approximately, and only 15% for five-year survival estimation in the patients with lung metastasis [4] . Therefore, novel and effective agents are urgent needs for improving osteosarcoma therapeutic efficiency, especially natural compounds investigation.
Cancer stem cells (CSCs) are a small number of tumor-forming and self-renewing cells within osteosarcoma tissues. These cells are proposed to be the cause of cancer progression by resisting conventional therapies and inducing distant metastasis [5] . Therefore, the development of specific agents targeting osteosarcoma stem cells will provide a promising strategy for PLOS ONE | https://doi.org/10.1371/journal.pone.0205918 October 24, 2018 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 therapeutic improvement. It is also of great importance to explore the exact mechanisms underlying CSCs targeted therapy for osteosarcoma administration. Resveratrol (trans-3, 4', 5 trihydroxystilbene, Resveratrol) is a natural small polyphenolic compound which can be extracted from several plant species, such as mulberries, peanuts and grapes. Intensive studies have been performed in the fields of natural medicine or nutriology during the last decade [6] . Resveratrol shows a beneficial role in inhibiting cancer progression, including leukemia [7] , prostate cancer [8] and gastric cancer [9] . Moreover, resveratrol also induces CSCs apoptosis in pancreatic cancer in transgenic mice [10] . However, the function and mechanism of resveratrol on human osteosarcoma CSCs is rarely reported.
JAK2/STAT3 signaling pathway shows a pivotal role in cancer cell survival and disease progression. Activated STAT3 is observed in a variety of cancer cells, which is a promising therapeutic target to attenuate disease progression [11] . Recent studies supported a critical role of STAT3 signaling activation in CSCs survival [12] . Further analysis of STAT3 pathway in human osteosarcoma stem cells will provide critical proofs for optimized therapy. In this study, we examined the effect of resveratrol on osteosarcoma stem cells and explored the underlying molecular mechanisms of JAK2/STAT3 signaling pathway.
Materials and methods

Cell culture
The human osteosarcoma cell lines MNNG/HOS, MG-63 and osteoblast line hFOB1.19 were purchased from American Type Culture Collection (ATCC, USA). MNNG/HOS and MG-63 were grown in Dulbecco's Modified Eagle Medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) at 37˚C with 5% CO 2 . The hFOB1.19 cells were maintained in DMEM/F-12 medium without phenol red supplemented with 0.3 mg/ml G418 and 10% FBS.
Cell viability assays
Cell viability assays were performed as previous report [13] . Cells were treated with various concentrations of resveratrol. Cell proliferation was measured with a CCK-8 kit (Beyotime Technologies, China) using a microplate reader (Thermo Electron Corporation, USA). Percentages of cell viability inhibition were calculated with the average cell viability in each group as compared to average viability of control group. Chemosensitivity of each cell was expressed with the values of drug concentrations producing 50% growth inhibition. IC50 was evaluated with a nonlinear regression model with Prism GraphPad 6.0 (GraphPad Inc., La Jolla, USA).
Colony formation assays
Single-cell suspensions were cultured in DMEM medium with 12-well plates (200 cells/well) for two weeks. Resveratrol (20 μM) or equal vehicle treatment was administrated. Paraformaldehyde fixed cell clones were stained with crystal violet and imaged. Colonies with more than 50 cells were counted as positive ones. Three independent assays were performed.
Immunofluorescent staining
Samples were affixed to slides overnight in 4% paraformaldehyde. Slides were blocked with 10% bovine serum albumin (BSA) for 1 h, and incubated with anti-human CD133 (Boster, BA3992, China) overnight at 4˚C, then washed three times in PBS and incubated with Alexa Fluor 647 secondary antibodies (Invitrogen, USA) in dark for 1h at room temperature. Finally, slides were stained with 0.1% 4', 6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei, washed twice with PBS and examined with confocal microscopy. Image analysis was performed using ZEN software.
Flow cytometry analysis
Cells were resuspended with flow cytometry buffer and diluted to a density of 1 × 10 5 cells/ml.
Antibody against human CD133/2 (clone 293C3-APC, Miltenyi, Germany) was incubated for 30 minutes. Cells were analyzed on a FACS Aria II flow cytometer (BD Biosciences, USA). Isotype control IgG (APC Mouse IgG2b, Miltenyi, Germany) was used to measure background fluorescence. Fluorescent intensities for cells in the population were point-plotted on two-axis graphs or histograms using the FlowJo software (Tree Star, USA).
Western blot analysis
Western blot assays were performed as previous described [13] . Primary antibodies used in this study included: antibodies to CD133, p-PI3K (Tyr199), AKT, p-AKT (Ser473), NF-κB (p65) and GAPDH were purchased from Cell Signaling Technology (Beverly, MA, USA), antibodies to Cleaved PARP, Bcl-2, Bcl-xL, JAK2, p-JAK2 (phospho Y1007, Y1008), STAT3 and anti-Flag were purchased form Abcam (Cambridge, MA). Band density was quantized with Image-Quant software (Amersham Pharmacia Biotech, Piscataway, NJ).
Tumor sphere formation assays
MG-63 and MNNG/HOS cells (10 000 cells/well) were seeded in 60 mm ultralow attachment plate (Corning Inc, Corning, NY) with serum-free stem cell medium (DMEM/F-12 medium containing 20 ng/ml recombinant human epidermal growth factor, 20 ng/ml basic fibroblast growth factor and 2% B27). Tumor spheroids were counted manually by inverted phase contrast microscopy after 7 days. Collected tumor sphere cells were suspended into single cells for secondary tumor sphere formation, which was performed as previous report [14] Xenografts Xenograft tumor models were established as previous described [13] . One day after subcutaneous injection of 10 7 osteosarcoma cells, mice were randomly separated into resveratrol group and control group (n = 5 per group). Resveratrol (100 mg/kg/d) or vehicle control was administrated intraperitoneally every other day [15] . Tumor volume was calculated using the formula: V = 1/2 (width 2 × length). All animal-related procedures were approved by Animal Care and Use Committee of Third Military Medical University. And the mice were maintained according to the Guidelines of Animal Experiments of the Third Military Medical University.
Immunohistochemical staining (IHC)
Xenograft specimens were fixed and embedded into paraffin. Sections were prepared with 4 μm thickness. IHC staining was conducted with Ventana Discovery XT automated staining system (Ventana Medical Systems, Inc., Tucson, AZ, USA). The primary antibodies were used: CD133 (86781), Phospho-Stat3 (Tyr705) (9145), Bcl-2 (15071), which was purchased from Cell Signaling Technology. Staining procedures followed the manufacturers' protocols.
Cell apoptosis analysis
Osteosarcoma cells were harvested after resveratrol treatment. Cell apoptosis was analyzed with Annexin V-FITC Apoptosis Detection Kit (Beyotime Ins. Biotec, China) Cells were stained with 5 μl of Annexin V and 5 μl of propidium iodide (PI) in 100 μl loading binding buffer for 30 min at room temperature in the dark. Then measured with FACS Aria II flow cytometer (BD Biosciences, USA). 
Caspase 3 activity analysis
Lentiviral production and infection
Flag-tagged constitutively activated STAT3 (STAT3-C) plasmids were constructed with a STAT3-Flag gene into a pCDH-MCS-T2a-Puro-MSCV vector (System Biosciences, China). Lentivirus were prepared with the plasmids and its packaging vectors by calcium phosphate transfection. MG-63 cells were infected with the fresh lentivirus-containing medium for 24 h, which was supplemented with 8 μg/ml polybrene.
Statistical analysis
Data from at least three independent experiments are described as the means ± standard deviation (SD). Student's t-tests were used to compare the differences between groups. All the statistical analyses were performed using SPSS statistics for Windows (version 19.0; SPSS, Chicago, IL), p value < 0.05 is considered statistically significant.
Results
Resveratrol inhibits cell growth of osteosarcoma
To investigate the biological function of resveratrol to human osteosarcoma cells, CCK-8 assays were performed for cell viability of human normal osteoblastic cell line hFOB (Fig 1A) , which indicated selective cytotoxicity of resveratrol to osteosarcoma cells. Notably, resveratrol significantly inhibited the proliferation of osteosarcoma MG-63 and MNNG/HOS cell lines in 20 or 40 μM, whereas hFOB 1.19 showed no significantly cell viability inhibition effects ( Fig  1B) , which will provide a safe range of concertation. Moreover, colony formation assays also confirmed the long-term cell growth inhibitory effects of resveratrol to osteosarcoma cells, MG-63 and MNNG/HOS cell lines in 40 μM (S1A Fig) .
Next, we evaluated the therapeutic efficacy of resveratrol on tumor growth of osteosarcoma in vivo. Dissociated MG-63 cells were subcutaneous implanted into six-week-old athymic nude mice in upper flank region. Then the mice were treated with intravenous infusion with resveratrol or vehicle control every other day (100 mg/kg/d). We observed no evidence of noticeable side effects during the experimental period. Significant inhibitory potency was observed on tumor growth in resveratrol treatment group (Fig 1C) . The mean tumor volumes of resveratrol-treated group were significantly lower compared to control group on day 21 ( Fig  1D) . These data suggest that resveratrol suppresses osteosarcoma cells growth in vitro and in vivo.
Resveratrol reduces cancer stem cell subpopulation in osteosarcoma
Further investigation was performed to study stemness related characteristics of osteosarcoma cells. Suspended tumor spheres were established with no-adhesive suspension culture system. Osteosarcoma cells formed floating spherical colonies within 7 days, whereas resveratrol treatment significantly reduced the volume of tumor spheres (Fig 2A) . More importantly, significantly decreased number of tumor spheres were observed with resveratrol treatment (Fig 2B) . Secondary spheroids were cultured and calculated, which further confirmed osteosarcoma stem cells elimination with resveratrol treatment (S1B Fig). Immunofluorescence (IF) staining also showed decreased expression of CD133, a CSCs surface marker, in tumor spherical colonies of MG-63 and MNNG/HOS cells with the treatment of 40 μM resveratrol (Fig 2C) . Furthermore, after 48 h culture in gradient concentrations of resveratrol, the percentage of CD133 + cells were significantly decreased with a flowcytometry analysis (Fig 2D) . subpopulation) (Fig 2E) . To further investigate the effects in vivo, IHC staining was performed with the xenografts, which showed resveratrol treatment increased bcl-2 expression and decreased CD133 and p-STAT3 expression in xenografts (S1C Fig). Taken together, these data suggest that resveratrol is an effective agent in inhibiting self-renewal capacity of osteosarcoma cells. 
Resveratrol induces apoptotic cell death in osteosarcoma cells
Based on the proliferation inhibition effect of resveratrol, we further analyzed the cell apoptosis modification in resveratrol treated osteosarcoma cells. Flow cytometry analysis was performed to measure the percentage of apoptotic cells with 40 μM resveratrol treatment. Compared to vehicle control group, resveratrol treatment significantly increased early and late apoptosis percentages of MG63 and MNNG/HOS cells (p < 0.01, respectively. Fig 3A and 3B) . Correspondingly, increased activities of caspase 3 were observed in resveratrol treated MG63 and MNNG/HOS cells (p < 0.01, respectively. Fig 3C) . Furthermore, the pro-apoptotic effects of resveratrol were also indicated by the induced cleavage of PARP, caspase3 and increased Bax, as well as downregulation of Bcl-2 and Bcl-xL (Fig 3D) . Collectively, these results indicate that resveratrol promotes apoptosis of osteosarcoma cells.
Resveratrol inhibits JAK2/STAT3 pathway in osteosarcoma cells
Previous studies have indicated that JAK2/STAT3 signaling played an important role in survival maintain of CSCs [16] . Then we performed further investigation on the activity of JAK2/ STAT3 signaling pathway in resveratrol treated osteosarcoma cells. Western blot assays showed that decreased Oncostatin M, STAT3 and JAK2 phosphorylation was observed in MG-63 and MNNG/HOS cells with 40 μM resveratrol treatment for 48 h (Fig 4A) . More importantly, decreased expression of osteosarcoma stem cell marker, CD133 was also observed with a gradient of resveratrol treatment (Fig 4B) . Meanwhile, PI3K/AKT/NF-κB signaling, a downstream pathway of JAK2/STAT3, was also examined in the gradient of resveratrol treated osteosarcoma cells. Significantly decreased p-PI3K (Tyr199), p-AKT (Ser473) and NF-κB (p65) protein expressions were showed in cells treated with resveratrol than vehicle controls (Fig 4C) . These results support that JAK2/STAT3 signaling inhibition is induced by resveratrol treatment.
STAT3 activation attenuates cancer stem cells elimination effects of resveratrol
To further confirmed the role of STAT3 activation in resveratrol treatment, MG-63 cells were infected with a constitutively activated STAT3 (STAT3-C). Western blot assays showed that STAT3-C effectively increased CD133 expression in MG63 cells (Fig 5A) . More importantly, elevated CD133 expression was not attenuated by resveratrol treatment. STAT3-C-overexpressing cells also significantly abrogated cell proliferation inhibition effects of resveratrol treatment (Fig 5B) . Moreover, tumor sphere formation assays also indicated that resveratrol failed to decrease the sphere number of STAT3-C-overexpressing cells (Fig 5C, S1D Fig) . Further studies were also performed with planted xenografts in vivo. Resveratrol effectively inhibited the growth of control xenografts but not in STAT3-C-overexpressing tumors (Fig 5D, S1E  Fig) . Our data indicate that STAT3 inactivation was involved in osteosarcoma stem cells elimination of resveratrol treatment. JAK2/STAT3 blockage by resveratrol will provide a valuable strategy for osteosarcoma therapy.
Discussion
Resveratrol is reported to be a potential anti-cancer agent in recent years [17] . Here in this study, we examined the cell proliferation inhibition effects of resveratrol in osteosarcoma cells. More importantly, significant osteosarcoma stem cell elimination effects were observed with resveratrol treatment. JAK2/STAT3 signaling blockage plays a crucial role in therapeutic effects of resveratrol treated osteosarcoma cells. Our study indicates that resveratrol is an efficient inhibitor for osteosarcoma stem cells, which provides theoretical and methodological basis for clinical application of resveratrol in osteosarcoma.
Resveratrol is a polyphenolic compound extracted from some herbs [18, 19] , which is observed in appreciable amounts in grapes or red wine. Comprehensive molecule investigation of resveratrol is in progression these years, which shows potential benefits as a cancer therapeutic agent [20] . Previous studies demonstrated that resveratrol inhibited cancer cell proliferation, invasion and metastasis in a wide range of tumors [21] [22] [23] [24] . Herein, we found that resveratrol inhibited cell proliferation of osteosarcoma cells in vitro and in vivo, which was safe to normal osteoblast cells. Therefore, resveratrol is a promising agent for osteosarcoma therapy.
Treatment of osteosarcoma remains highly problematic. Despite of high doses of radiotherapy and aggressive chemotherapeutic approaches, relapse and distant metastasis are still challenge for the post-operation patients. Previous studies supported that osteosarcoma stem cells contributes to disease progression, because of their ability of maintaining stem cell-like properties through self-renewal and dedifferentiation [25] . CSCs exhibit increased tumorigenicity and more resistance to conventional therapies [26, 27] . Previous studies supported that resveratrol inhibited pancreatic cancer stem cells in transgenic mice, which was correlated with inhibiting pluripotency maintaining factors and epithelial-mesenchymal transition [10] . In this study, we demonstrated that resveratrol not only inhibited proliferation of osteosarcoma cells, but also abolished self-renewal capacity of osteosarcoma cells, as measured by formation of tumor spheroidal colonies in suspension and reduce the proportion of osteosarcoma stem cells subpopulation. These findings support that resveratrol will benefit osteosarcoma patients by CSCs elimination effects.
Several signaling pathways and molecular modification were involved in resveratrol treated cancer cells. Canonical WNT signaling pathway inhibition and many kinds of kinases activation participate in the therapeutic effects [28] [29] [30] [31] [32] . Resveratrol treatment decreases a series of cytokines, including decreased IL-6, IFN-γ, TNF-α and Oncostatin M [33, 34] . However, exact mechanism of CSCs elimination is rarely reported in resveratrol treated osteosarcoma cells. Besides, constitutive STAT3 activation is observed in virous tumors, including some osteosarcoma tissues [35] . STAT3 signaling participated in cell proliferation and microenvironment modification [36] [37] [38] , which was a promising target to inhibit disease progression and restore chemotherapy sensitivity [39, 40] . More importantly, cancer stem cell subset showed a STAT3 overexpression molecular signature in various tumors [39, 41] . Constructive STAT3 activation attenuated the therapeutic effects of resveratrol. In this study, we provided evidences that JAK2/STAT3 signaling inhibition was involved in resveratrol induced osteosarcoma stem cells elimination. Thus, our findings support the clinical application of resveratrol as a therapeutic for osteosarcoma. However, as a multitargeted compound, resveratrol reduces the expression of multiple cytokines that activate the Jak/STAT pathway [42] . The exact mechanism of the down modulation of the Jak/STAT signaling by resveratrol requires further investigation.
In conclusion, we provided evidences that resveratrol should be an effective osteosarcoma stem cell targeting agent for inhibiting disease progression. Resveratrol could represent a neoadjuvant strategy in the administration of osteosarcoma patients. Further preclinical and clinical experiments are worth to be performed for therapeutic appliance. 
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